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Seven glasses from the system As,Ses-Ag.sSSe-PbTe with appropriately chosen compositions are characterized optically
through measurements of their transmittance (T) and reflectance (R) in a wide spectral range covering UV, VIS and NIR.
These new chalcogenide glasses are characterized with a wide region of glass formation. For calculation of the optical
properties both the Tauc-Lorentz parametrization model and the Newton-Raphson algorithm are used. Thus refractive index
n, extinction coefficient k, absorption coefficient a, optical bandgap energy E,°*, and Urbach energy Ey, are obtained.
Changing the composition, a considerable variation of the refractive index is achieved, the characteristic absorption edge
related energies remaining practically constant. A correlation between optical parameters, glass composition and density is

established and discussed.
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1. Introduction

Chalcogenide glasses (ChGs) have attracted
increasing interest in recent years from the view point of
both fundamental physics and device technology and
application. In contrast to traditional oxide glasses, they
exhibit relatively high refractive index values (2.0<n<3.7
[1,2]) and transparency from the visible or near-infrared
up to the middle infrared spectral region. As shown in [3]
the IR edge is related to the chalcogen element upon which
the glass is based and for Te-containing glass the
transmission window is extended up to 20 microns. These
features are combined with a decrease in the optical gap
and increase in the electrical conductivity as compared to
traditional oxide glasses [4,5]. ChGs also demonstrate
lower glass transition temperatures [6] and phonon
energies as compared to oxide glasses [7]. They exhibit
ultrafast (~100 fs) nonlinearities, which are generally
several hundred times larger than that of silica, especially
for the As and Se-containing ones [8]. A vital side of
ChGs physics and technology is that their properties can
be conveniently shaped by variation of their composition
[9-11].

These specific characteristics of As-, Ge- and (Ge-
As)-containing ChGs and corresponding thin layers on
their basis open large potential for application in fiber
technologies [12], non-linear optics [13,14], for thermal

imaging systems in IR optics [15], IR lasers [16,17],
chemical sensors [18,19], ion selective membranes [20-22]
etc. Photoinduced effects such as photo-darkening and
photocrystallization, accompanied  with  significant
changes in the optical constants, have been applied
successfully to optical recording of information [23, 24].

The design and implementation of optical components
based on these materials requires detailed information on
their optical properties such as optical energy gap and
refractive index. Moreover, the study of the optical
properties of ChGs is important for the determination of
their electronic structure [25, 26, 27].

The present study is the next step of a comprehensive
research, which we have undertaken for elaboration of
new ChGs of the system As,Se;-Ag,SSe-PbTe,
characterized with a wide region of glass formation.
Recently we have studied the phase equilibriums and
phase diagrams of the binary systems As,Ses;-Ag,;SSe [28],
As,Sez-PbTe [29] and Ag,SSe-PbTe [30]. The extended
region of glass formation found for the three-component
system As,Ses-Ag,SSe-PbTe [31] is in line with our
prediction that the involvement of typical crystal
compounds such as PbTe and Ag,SSe in the glassy matrix
of As,Se; leads to its considerable enlargement. In
particular, glasses containing up to 25 mol % Ag,SSe are
feasible in the system As,Se;-Ag,SSe, while this
percentage rises above 50 mol % under the introduction of
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PbTe [31]. Considering that the optical properties of the
amorphous chalcogenides are determined by the structural
bonding between neighboring atoms, it could be expected
that the introduction of Ag,SSe and PbTe in the As,Ses
matrix would strongly modify these properties. Thus,
widening the glass formation region which allows largely
varying the composition would open the potential for
tuning a desired optical parameter in a possible infrared
application. Consequently, in order to optimize and fully
explore the glasses from this newly synthesized system, it
is worth studying the compositional dependence of their
optical properties in a wide spectral range — from the UV
to the near infrared.

The present paper aims at the optical characterization
of bulk chalcogenide glasses from the system As,Ses-
Ag,;SSe-PbTe and reports on new data for the optical
parameters such as refractive index, absorption coefficient,
optical bandgap and Urbach energies. The dependences of
these parameters on glass composition are revealed and
discussed.

2. Theory/calculation

The real and imaginary part of the dielectric constants
g and g;, respectively, are determined through non-linear
minimization of the discrepancies between measured and
calculated reflectance spectra in the spectral range of high
absorption (200-1500 nm). A parametrization model of the
dielectric function is used where g; is determined by
multiplying the Tauc joint density of states by the g;,
obtained from the Lorentz oscillator model [32, 33]. The
real part of the dielectric function ¢, is calculated from the
imaginary part using Kramers—Kronig integration [32].
Optical constants - refractive index (n) and extinction
coefficient (k), are determined from the dielectric function
by considering the relationships: & = n*k? and &=2nk.
Further, the absorption coefficient o (cm™) can be easily
calculated from a=4nk/l, where 1 is the wavelength of
light. This approach has already been successfully applied
to the determination of the optical properties of amorphous
chalcogenide glasses [33, 34].

In the region of weak absorption (4>1500 nm), n and k
are calculated simultaneously at each wavelength using
transmittance (T) and reflectance (R) spectra along with
the measured thickness (d) as inputs. For minimization of
the goal function, consisting of discrepancies between
measured and calculated T and R spectra, the Newton-
Raphson algorithm is used [35, 36]. The error of n is 0.02,
while that of k varies from 0.01 in the strong absorption
region to 10 in the weak absorption region [35].

It is known that in amorphous ChGs the absorption
coefficient ranges in three intervals [18, 37]: i) o>10*cm™;
i) 1cm?<a<10* cm™ and ii) a<lem™. In the first region
the dependence of the absorption coefficient on the energy
of light E is described by the power function:

E_Eopt 2
a~—( Eg ) (1)

where Eg™ is the width of the optical bandgap. Thus E4
is determined by a linear fit of the so called Tauc plot:
(aE)™ versus E, for (a£)*?=0. In the second region «
obeys an exponential decay in the form:

opt opt

a=aoop(=) @
U

where Ey, known as Urbach energy, is a measure of the
structural disorder in glasses. Ey is calculated from the
linear part of the plot In(a/a,) versus E. The third part of
the a-spectra is outside the investigated region and is not
considered in this study. The error of E,* is 0.05 eV
while that of E is 10 meV.

3. Materials and methods

3.1. Synthesis of glasses

The synthesis of both the starting components
(As,Ses, AgsSSe and PbTe) and the studied glasses from

the system As,Ses-Ag,SSe-PbTe was described in details
in Amova et al. [31].

‘-‘\ss:lSe,-3 25
mol % Ag SSe

Fig. 1. Glass forming region in the system As,Ses-Ag,SSe-PbTe
with studied glasses denoted on the figure

Seven samples in the glass forming region (Fig. 1)
were selected. This selection sets property variations in a
functional dependence on two concentration parameters - z
(samples 15, 16 and 6) and m (12, 15 and 26 at z=30, and
4, 7 and 6 at z=10), where z is PbTe concentration in mol
%, m=y/(x+y), x and y being As,Se; and Ag;SSe mol %
concentrations, respectively (Table 1).
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Table 1. Composition in mol %, concentration parameter

m=y/(x+y), calculated concentration of [Se] and

[Ag+Pb] inat.% and thickness of the samples from the
system (As,Ses)«(AgsSSe),(PbTe),

Sample| Composition, m Se | Ag+Pb d,
mol % [at %] | [at %] cm
X y z
s4| 72 | 18 | 10| 0.20 | 47.96 | 16.80 | 0.1339
s7| 675|225 |10 | 0.25| 45.69 | 20.30 | 0.1750
s6| 63 | 27 | 10| 0.30|43.46 | 23.74 | 0.1800
s16| 56 | 24 | 20| 0.30|41.38 | 25.00 | 0.1803
s12| 63 7 [30)0.10|47.01| 13.90 | 0.1329
s15| 49 | 21 |30|0.30|38.98 | 26.45 | 0.1710
s26| 35 | 35 | 30| 0503146 | 38.20 | 0.195

3.2. Preparation of the samples

The studied samples were cut using diamond disk in
order to obtain the appropriate size and then subjected to
two-step grinding with silicon carbide abrasive with 30
pm and 8 um grain sizes, respectively. The surface was
finished by polishing with CeO, polishing powder with
particles size of 1 um and washed with ethanol.

3.3. Measurements

Transmittance (T) and reflectance spectra (R) of the
samples were measured at normal light incidence of
unpolarized light using a UV-VIS-NIR spectrophotometer
Cary 5E (Varian) in the spectral range 200-2500 nm with
an accuracy of 0.1 and 0.3 %, respectively.

The thicknesses were measured by contact mechanical
profiler with an accuracy of 10 pm. These are presented in
Table 1.

The optical quality of the samples was investigated by
surface imaging using an optical profiler Zeta-20 (Zeta
Instruments).

4. Results

Fig. 2 presents typical two dimensional images of the
surface of the studied samples taken with the optical
profiler. It is seen that the samples are of approximately
the same surface finishing. Despite some tiny scratches at
the surface, they are well polished and homogeneous. The
overall roughness (rms roughness) varies between 3 and 5
nm.
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Fig. 2. Surface images of samples s4 (a), s7 (b), s12
(c) and s16 (d). The bar is 7 microns

Transmittance (T) and reflectance (R) spectra of the
samples are shown in Figure 3. It is seen that for
wavelength lower than 1500 nm (0.83 eV) transmittance is
zero, i.e the samples are opaque. At wavelength higher
than 1500 nm an increase in T is obtained although the
values for s6 and s26 are zero in the whole spectral range
and are not displayed in Fig. 3. Reflectance spectra of the
samples (Fig. 3(b)) have a peak located in the spectral
range 500 - 700 nm depending on the chemical
composition of the samples.
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Fig. 3. Transmittance (a) and reflectance (b) spectra
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Fig. 4 presents the values of the refractive index and
absorption coefficient of the samples calculated using the
transmittance and reflectance spectra and the models and
methods described in Section 2. Refractive index varies in
the range 1.5+3.5 and obeys normal dispersion for
wavelength higher than 650 nm and anomalous dispersion
for shorter wavelengths. The values of n in the weak
(2400 nm) absorption region are shown in Table 2. The
spectral positions of the absorption peaks are in the range
310+350 nm, depending on the glass composition. The
horizontal line o = 10* cm™ divides the spectral region into
two regions, Tauc and Urbach regions, where optical
bandgap and Urbach energies are calculated, respectively.
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Fig. 5. Tauc plot for determination of E,** (a) and

In(o/0,) on energy dependence for Urbach energy
calculation (b)

Table 2. Calculated refractive index n in the region of
weak absorption (2400 nm), optical bandgap energy,
E,°* and Urbach energy, E,
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Fig. 4. Refractive index (a) and absorption coefficient (b)
calculated from T and R spectra according to the models
described in section 2. The horizontal and vertical

Sample  Naugo E, ™ [eV]  Ey[meV]
s4 3.03 0.72 222
s7 3.10 0.72 220
s6 3.11 0.72 219
516 2.99 0.72 218
s12 2.65 0.71 219
s15 3.17 0.72 219
526 3.22 0.73 219

dashed lines divide the spectral range to Tauc and
Urbach regions where optical bandgap and Urbach
energies are calculated

The already calculated values of the absorption
coefficient are further used for determination of the optical
bandgap and Urbach energy (Fig. 5). The samples with the
highest and lowest absorption coefficients s4 and s12,
respectively, are chosen for illustration. The calculated
values for the optical bandgap are shown in Table 2. No
sizable variation with composition is observed. The
determination of Ey is illustrated by two examples in
Fig. 5b. The values of E are determined from the slope of
the linear part of the plot In(a/ag) versus E and are shown
in Table 2. For all samples the values of E, are around
220 meV with slight variation with composition.

5. Discussion

On the basis of the calculated values for E,* and Ey
(Table 2) we could speculate that the structural changes,
originating from the addition of different structural units in
the As,Se; glassy matrix, compensate each other and no
changes are ultimately observed. The mean value of Ey in
the studied region is 219 meV, which should be related to
a considerable structural disorder.

The dependences of n on the concentration parameters
m and z are presented in Fig. 6. For z=10 the change with
m is very weak, while for z=30 a substantial increase is
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detected for m = 0.1-0.3 (Fig. 6(a)). Further increase of m
from 0.3 to 0.5 does not lead to considerable change in n.

Taking into account that the refractive index is
proportional to the electronic polarizability, which is
inversely proportional to the interatomic spacing, it is clear
that it correlates to samples density, so that higher n values
are expected for denser samples. It was shown [31] that
the density values of studied ChGs do not change
significantly in the range 0.2<m<0.35: at z=10 the density
varies with m from 5.44 g/cm® for m=0.2 to 5.49 g/cm® for
m=0.35. This was attributed to the presence of a phase
with composition Ag,SSe-2As,Se; in the binary As,Ses-
Ag,SSe system [31]. Therefore the close values of n
obtained for 10 % mol PbTe within the interval 0.2<m<0.3
(Fig. 6(a)) are due to the similarly close densities of the
samples. On the contrary, at higher concentration of PbTe
(z=30 % mol) the m- dependence of density is stronger:
5.14 glem® for m=0.2, 5.75 g/cm® for m=0.3 and 5.97
g/lcm® for m=0.5 [31]. Thus the strong increase of n from
2.65 to 3.17, obtained for 0.1<m<0.3 and z=30 (Fig. 6(a)),
correlates well to the strong change in the density in this
interval while further weaker increase from 3.17 to 3.22
relates to the density behavior for 0.3<m<0.5. We can
conclude that the observed dependences n(m) are in line
with the composition dependence of glass density [31].
Further, the n(z) dependence in Fig. 6(b) displays a
minimum at z=20 % mol.
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Fig. 6. Dependences of n on: a) m=y/(x+y) at fixed
values of z=10 (red triangles) and z=30 (black circles);
b)z atm=0.3, where x,y and z are mol% of As,Ses,
Ag,SSe and PbTe, respectively

Taking into account that the density of Ag,SSe (7.40
g/lcm?® [28]) is higher than that of As,Se; (4.54 glcm® [28]),
we assume that the smaller n for s16 comes from the lower

concentration of Ag,SSe in s16 as compared to s6. The
further decrease of AgQ,SSe concentration for sl15 is
compensated by the increase of the denser PbTe (8.16
glem® [29,30], which finally results in an increase of the
overall density and refractive index.

For further interpretation of the concentration
dependences we adopt the approach of Xiang Feng et al.
[38]. This relies on an excess of Se-atoms, where the
chemical bonds arranging in the sequence As-Se, Pb—Se,
Se-Se and Se-Te are dominant. In this case the starting
components for the ChG synthesis are chemical elements,
not compounds. The calculated concentrations of [Se] and
[Ag+Pb] in at% are included in Table 1. Fig. 7 presents the
dependence of the refractive index on the concentration of
[Se].

34
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[Se] (at.%)
Fig. 7. Dependence of the refractive index n on the
concentration of Se atoms

Generally a decrease in n is observed with increasing
Se concentration with distinct minimum at [Se]=47.01
at%. The highest value (3.22) is obtained at the smallest
concentration of Se atoms ([Se]=31.46 at%) and the lowest
(2.65) at [Se]=47.01 at%. The abrupt structural changes in
the concentration triangle (s7—sl12— s4) (Fig. 1),
associated with stepwise changes of Ag,SSe (22.5—7—18
%) and PbTe (10—30—10 %) concentrations, determine
the existence of the minimum at [Se] = 47.01 at% (s12). If
the density values are considered [31], we may conclude
that the densest sample is obtained for the lowest Se
concentration, while the least compact one is at [Se]=47.01
at%. The appearance of the second minimum in the
refractive index at [Se]= 41.38 at% is reasonable since it
successively  involves the points s6—s16—sl5,
corresponding to m=0.3 and increasing concentration of
PbTe in the sequence (10—20—30 mol %). We have
already demonstrated that the dependence n(z)m=03 has a
minimum at z=0.2 (point s16) (Fig. 6b), which explains
the minimum in n([Se]) at [Se]= 41.38 at%.

The composition of ChG involves two heavy metals
(Ag and Pb), which affect considerably the behavior of the
refractive index, as seen from Fig. 8. Under increasing
([Ag]+[Pb]) n increases from 2.65 to 3.22, the dependence
involving only one singular point at [Ag]+[Pb]=25.00 at.
% (point s16). The comparison between Fig. 7 and Fig. 8
demonstrates that the decisive factor in obtaining high
refractive index (density) is the concentration of the heavy
metals.
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Fig. 8. Dependence of the refractive index n
on the concentration of heavy metals.

6. Conclusions

Transmittance and reflectance spectra measured in the
UV-VIS-NIR spectral regions along with Tauc-Lorentz
parametrization model and the Newton-Raphson algorithm
are successfully applied to the optical characterization of
newly synthesized chalcogenide glasses from the system
(As,Ses)«(AgsSSe)y(PbTe),. Refractive index, extinction
coefficient, absorption coefficient, optical bandgap energy
and Urbach energy are determined. The wide glass
formation region of these materials allows varying the
refractive index over a substantial range (2.65< Ny
<3.22). The variation is discussed in details in terms of
glass composition and density. Peculiarity points are found
and discussed also. Regarding the IR bandgap (0.71 < E,™
< 0.73) [eV] and the Urbach (218 < Ey < 222) [meV]
energies, the structural changes originating from the
addition of different structural units in the As,Se; glassy
matrix appear to compensate each other and no changes
are ultimately observed.

A correlation is established between the studied
optical parameters and the chalcogenide glass
composition. Generally, the refractive index increases with
the concentrations of PbTe, heavy metals (JAg+Pb]) and
m=y/(x+y), X and y being the concentrations of As,Se; and
Ag,SSe, respectively, and decreases with  Se
concentration. The densest glass with the highest refractive
index is obtained for the Se concentration of 31.46 at%
and [Ag+Pb] = 38.20 at%. The observed concentration
dependences of n are in line with the previously
determined composition dependence of glass density [31].
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